[1] Intraseasonal sea surface temperature (SST) variability in the Indian Ocean during boreal summer is investigated with a series of experiments using the Hybrid Coordinate Ocean Model (HYCOM). QuickSCAT winds and satellite-observed outgoing longwave radiation (OLR) are used to identify the wind and convection patterns associated with atmospheric intraseasonal oscillations (ISOs). Effects of the Madden-Julian Oscillation (MJO; 30-90 days) and submonthly ISOs are separately examined. Similar to winter, MJO forcing dominates summertime SST variability, even though submonthly forcing is stronger. Wind plays a much larger role in altering SSTs than either shortwave fluxes or precipitation. Different from winter cases, the maximum summertime SST variability shifts to the Arabian Sea (AS) and the Bay of Bengal (BOB), when ISOs also shift to the Northern Hemisphere. In the BOB, surface heat fluxes due to changes in wind speed have a stronger influence on SST than upwelling and advection induced by wind stress, whereas in winter, the effects of surface heat fluxes and oceanic upwelling and advection are comparable. This difference arises from the barrier layer and thin surface mixed layer in the BOB, which reduce the effects of upwelling and amplify the effects of surface heat fluxes. In the AS, surface heat fluxes and entrainment cooling due to changes in wind speed have a larger effect on MJO-scale SST than upwelling induced by wind stress, while the two have comparable effects on submonthly SST. In the equatorial region, wind speed and stress are equally important.
1. Introduction
Atmospheric Intraseasonal Oscillations
[2] Indian Ocean (IO) intraseasonal oscillations (ISOs) range in scale from 10 to 90 days. On 30-90 day time scales, the Madden-Julian Oscillation (MJO) [e.g., Julian, 1971, 1972] dominates ISOs. On 10-30 day submonthly time scales, convectively coupled Kelvin and Rossby waves dominate the ISOs [Kiladis and Weickmann, 1997; Wheeler and Kiladis, 1999; Chatterjee and Goswami, 2004 , and references therein]. Their important component, the Quasi-Biweekly Mode (QBM), is thought to be a Rossby wave that is shifted northward (southward) by the mean flow during summer (winter) [Murakami and Frydrych, 1974; Chen and Chen, 1993; Numaguti, 1995; Chatterjee and Goswami, 2004] . Observations from the Bay of Bengal Monsoon Experiment (BOBMEX) show that submonthly convection and winds are much stronger than those of the MJO [Bhat et al., 2001 ; see also Vincent et al., 1998 ]. MJOs travel both eastward and northward during boreal summer with global zonal wave numbers 1 -3 [Li and Wang, 1994; Hendon and Salby, 1996; Kiladis and Weickmann, 1997; Wang and Xie, 1997; Webster et al., 2002] , whereas the QBM propagates westward with zonal wave numbers 5 -6 [Kiladis and Weickmann, 1997] .
[3] It is suggested that submonthly ISOs together with the MJO can determine the amplitude and phase of the wet and dry spells of the Asian summer monsoon and the Australian monsoon [Sikka and Gadgil, 1980; Yasunari, 1981; Krishnamurti and Subramanyam, 1982; Webster, 1983; Lau and Chan, 1985; McBride, 1987; Krishnamurti et al., 1988; Wang and Xie, 1997; Webster and Hoyos, 2004; Lau and Waliser, 2005, and references therein] . Recent studies have also shown that many ISOs generated in the IO can propagate to the Pacific and impact the El Nino Southern Oscillation (ENSO) [McPhaden, 1999; Moore and Kleeman, 1999; Takayabu et al., 1999; Kessler and Kleeman, 2000 ; G. Kiladis and K. Straub, Forcing of the equatorial ocean by an atmospheric Kelvin wave, paper presented at the 13th Conference on Atmospheric and Oceanic Fluid Dynamics, American Meteorological Society, Breckenridge, Colorado, 2001] , and can affect the onset and termination of the IO dipole (IOD) [Saji et al., 1999; Webster et al., 1999; Murtugudde et al., 2000; Yu and Rienecker, 2000; Rao and Yamagata, 2004; Han et al., 2006a] . Importantly, air-sea interactions over the IO can have a significant influence on ISO propagation [Flatau et al., 1997; Wang and Xie, 1998; Waliser et al., 1999; Kemball-Cook and Wang, 2001; Woolnough et al., 2001; Fu et al., 2003; Inness and Slingo, 2003; Sperber et al., 2005] . Realistic simulation of ISOs in climate models, however, is still a challenge [Slingo et al., 1996; Sperber et al., 2005; Lin et al., 2006] , which underlines the need for further knowledge about coupled processes. To this end, investigating intraseasonal sea surface temperature (SST) variability is key to an increased understanding of coupled processes on intraseasonal time scales.
[4] A large number of studies on IO intraseasonal SST variability exist [e.g., McPhaden, 1982; Krishnamurti et al., 1988; Hendon and Glick, 1997; Jones et al., 1998; Woolnough et al., 2000; Harrison and Vecchi, 2001; Sengupta et al., 2001; Schiller and Godfrey, 2003; Waliser et al., 2003 Waliser et al., , 2004 Duvel et al., 2004; Kessler, 2005; Han et al., 2006b; Saji et al., 2006; Han et al., 2007] . These studies show divergent views of the processes that determine intraseasonal SST variability, and the relative importance of MJO and submonthly ISOs is not addressed for boreal summer. Han et al. [2007] summarized detailed aspects of the studies, and first investigated IO SST variability on both MJO and submonthly time scales for the winter monsoon. For comparison, here we provide a comprehensive study of SST variability during the summer monsoon.
Present Research
[5] This paper will provide a detailed investigation of the impacts of the MJO and submonthly ISOs on SST during boreal summer. To ensure consistency for comparison with Han et al. [2007] , we analyze the same set of experiments using the Hybrid Coordinate Ocean Model (HYCOM) to evaluate the importance of oceanic dynamical processes, mixed layer physics, and surface heat fluxes. Section 2 details our data, model, and experiment design. In section 3, we discuss our results, while section 4 provides a summary and discussion.
Data and Model

Data
[6] Observed SST, outgoing longwave radiation (OLR), and winds are used to validate HYCOM solutions and to identify ISOs. Our period of interest is 1998 -2004, when all the following data sets are available. Satellite observed daily OLR from the National Oceanic and Atmospheric Administration (NOAA) [Liebmann and Smith, 1996] and 3-day mean winds from QuickSCAT [Tang and Liu, 1996] are used to document ISOs. Prior to July 1999, when QuickSCAT winds do not exist, 3-day ECMWF reanalysis (ERA-40) winds are used. The 3-day mean Tropical Rainfall Measuring Mission (TRMM) SST with 0.25°Â 0.25°r esolution is analyzed and compared with the model solution. To remove missing values, the TRMM SST is first averaged onto 2.5°Â 2.5°grids, and the few missing values left are then filled by linear spatial and temporal interpolation [Han et al., 2007] .
[ Bleck, 2002; Halliwell, 2004] . In the present experiments, the K-profile parameterization [Large et al., 1994 [Large et al., , 1997 Large and Gent, 1999] is chosen as the vertical mixing scheme. HYCOM has been applied in studies of interannual and intraseasonal variability and the seasonal cycle in the Indian and Atlantic Oceans [Han et al., 2004; Han, 2005; Han et al., 2006a Han et al., , 2006b Yuan and Han, 2006; Han et al., 2007] . Since the HYCOM configuration and experiment design are explained in detail in Han et al. [2007] , we only provide a brief discussion here.
[9] HYCOM is configured to the IO basin north of 30°S with 18 vertical layers and a horizontal resolution of 0.5°Â 0.5°. To better resolve the mixed layer, thermocline, and barrier layer, the vertical layers have a fine resolution in the upper ocean. For example, the mean interface depths of the upper 10 layers, averaged over the BOB from 1999 BOB from to 2003 , and 234 m. SW radiation penetration is parameterized with Jerlov water type IA [Jerlov, 1976] . No-slip conditions are applied along continental boundaries. Near the southern boundary (25°-30°S), a 5°-wide sponge layer is applied to relax model temperature and salinity fields to Levitus and Boyer [1994] and to Levitus et al. [1994] climatology. Lateral boundary forcing due to the Indonesian Throughflow and BOB rivers is included by relaxing model temperature and salinity to Levitus data in the corresponding regions.
[10] Primary forcings used are 3-day QuickSCAT winds, International Satellite Cloud Climatology Project Flux Data (ISCCP-FD) SW and longwave radiative fluxes [Zhang et al., 2004] , Climate Prediction Center Merged Analysis of Precipitation (CMAP) pentad data [Xie and Arkin, 1996] , and ERA-40 and National Centers for Environmental Prediction (NCEP) air temperature and specific humidity for 1998-2004 (see Han et al. [2007] for details). Wind stress (t) is calculated using QuickSCAT wind speed (jVj) in a standard bulk formula t = r a C D jVjV. Here, r a is the density of air (1.175 kg/m 3 ), C D is a drag coefficient (0.0015), and V is the QuickSCAT wind vector. Surface latent and sensible heat fluxes are then calculated using winds, air temperature, specific humidity, and HYCOM SST in the flux parameterizations of Kara et al. [2000] .
[11] Validity of these forcing fields was discussed by Han et al. [2007] . Here, we provide further validation. Figure 1 shows the variance spectra of zonal and meridional wind stresses from QuickSCAT and TRITON data at 90°E, 1.5°S. Both the TRITON and QuickSCAT wind stresses contain essentially the same spectral peaks at 10-30 day and 30-90 day periods, albeit with some quantitative differences. Owing to the short duration of the TRITON data records, some spectral peaks do not exceed the 90% confidence level. Quantitative comparison between ERA-40 and QuikSCAT wind stress demonstrates that ERA-40 winds are able to capture the observed intraseasonal variabilities rather well, but their amplitudes tend to be stronger than the QuikSCAT winds. After the ERA-40 wind speed is scaled down to 90%, the amplitudes of the ERA-40 winds agree very well with the QuikSCAT winds. Variance spectra of the scaled ERA-40 and QuickSCAT wind stress are shown in Figure 2 for a period of overlap (1 August 1999 -31 December 2001 in the BOB (80 -90°E, 4-15°N) . Note that the wind stress data is averaged over the BOB before performing the spectral analysis. Both the zonal and meridional wind stresses contain similar peaks over the intraseasonal periods, but the magnitudes of the ERA-40 peaks are greater than those from QuickSCAT at 40-60 days (Figure 2a) . The shape of the ERA-40 and QuickSCAT [14] The main run (MR) is forced by the complete 3-day mean fields discussed in section 2.2. As such, it is the most complete solution, and it is used to evaluate the ocean response due to all forcings. Experiment 1 (EXP1) is forced by low-passed 105-day fields using a Lanczos filter [Duchon, 1979] . The low-passed fields remove any signals with periods shorter than 105 days. The difference solution MR -EXP1, then, isolates the ocean response to ISOs. Similarly, EXP2 employs a low-pass 30-day filter to remove any variability shorter than 30 days from the forcing fields. It follows that MR -EXP2 isolates the effects of submonthly variability, while EXP2 -EXP1 estimates the ocean response to 30 -90 day ISOs, which are dominated by MJO events. EXP3 is forced by lowpassed 105 day wind stress, so it excludes the effects of intraseasonal Ekman convergence and divergence (which can affect upwelling) as well as anomalous advection. EXP4 is forced by low-passed 105-day wind stress and wind speed. It excludes the same effects as EXP3, with the additional exclusion of intraseasonal wind speed, which can affect the SST via latent and sensible heat fluxes and entrainment cooling. This is because the entrainment rate depends on the frictional velocity u*, which is directly associated with the wind speed jVj in our experiments
. Therefore, when jVj is filtered, the entrainment rate is affected. EXP5 is forced by low-passed 105 day SW flux, and EXP6 by low-passed 105 day precipitation, which can impact the SST by changing stratification and the mixed layer thickness (hm). Then, the difference solutions MR -EXP3, MR -EXP4, EXP3 -EXP4, MR -EXP5, and MR -EXP6 isolate the ocean response to intraseasonal wind stress, total winds, wind speed, SW radiation, and precipitation, respectively. Figure 5 ). While the convective variability associated with both submonthly ISOs and MJO events has similar spatial patterns, it appears that the former has a larger amplitude than the latter. Associated with the strong changes in convection, QuickSCAT wind speed (Figures 4d -4f ) and stress curl (Figures 4g-4i ) also show large-amplitude variations in the central-eastern equatorial basin, the BOB, the AS, and the southeast tropical IO. Again, submonthly events show larger amplitude variation than MJO events in most regions except the AS. This is consistent with Bhat et al. [2001] .
Validation of the Simulated Intraseasonal Sea Surface Temperature
[16] Over all seasons, the largest intraseasonal SST variability occurs in a region that stretches across the southern tropical IO, western AS, the BOB, and the eastern equatorial ocean (Figures 6a and 6b ). The variability south of the equator is a major feature of the winter months that coincides with the location of the winter intertropical convergence zone (ITCZ), which has been investigated in several existing studies [e.g., Harrison and Vecchi, 2001; Duvel et al., 2004; Saji et al., 2006; Han et al., 2007] .
[17] During summer, the region of large amplitude SST change shifts to the northern IO (Figure 6c ), where maxima in convection and winds are located (Figures 4a, 4d, and 4g) . Averaged over summer months from 1999 to 2003, HYCOM reasonably simulates many of the major SST features at all time scales (Figures 6c -6h), albeit with some quantitative differences. For example, strong SST variations in the AS, the BOB, and the eastern equatorial ocean are all reasonably simulated. An evident exception is the strong variability south of the equator in HYCOM, which does not occur in TRMM data during the summer season (Figures 6c -6h). As shown by Han et al. [2007] , this model/data discrepancy is likely because HYCOM has a much thinner mixed layer than is observed in the region, which makes it more sensitive to surface forcing.
[18] To further quantify model/data comparisons, we choose three regions (labeled in Figure 6c ) that are identified as having large variability in winds, OLR, and SST (Figures 4 and 6). Region 1 is located in the central AS (55 -73°E, 2-14°N), Region 2 is in the western BOB (80 -90°E, 4-15°N), and Region 3 is in the eastern equatorial IO warm pool (84°-96°E, 3°S-5°N). Figure 7 provides a time series of intraseasonal SST in each region from 2000 to 2003, as observed by TRMM (thick solid line) and as simulated by HYCOM MR (dashed line) and by HYCOM MR -EXP1 (thin solid line), which represents the SST forced by ISOs only. Model-data correlations for regions 1, 2, and 3 are 0.66, 0.65, and 0.69 respectively, with significance above 95%. Note that the significance test takes into account the reduced degree of freedom due to the filter [Livezey and Chen, 1983] . These correlations are lower than those from the ITCZ region used in the wintertime study [Han et al., 2007] , but they are similar in magnitude to those from the warm pool and the AS in the same study. Looking at events with magnitudes larger than 1 STD, HYCOM performs reasonably well, although it occasionally over-or underestimates SST changes. MJO-scale events are simulated well by HYCOM, with model-data correlation coefficients of 0.71, 0.70, and 0.76 in regions 1, 2, and 3, respectively ( Figure 8a for region 2), while submonthly events have somewhat lower model-data correlations ( Figure 8b for region 2).
[19] The variance spectra of summertime TRMM and HYCOM MR SST anomalies from 1999 to 2003 provide an additional look at HYCOM's performance in each of the three regions ( Figure 9 ). To do this, we average the TRMM and HYCOM MR summertime SST time series over each region, and then perform a spectral analysis in which the annual and semiannual cycles are removed. The variance spectra of the two data sets generally agree well in all three [20] Overall, HYCOM reasonably simulates SST in the three chosen regions. Existing discrepancies may be due to model errors, data errors, uncertainties in the model forcing fields, and differences between TRMM skin temperature and the model bulk temperature. Model-data differences in coastal regions may be due to the artificial interpolation of QuickSCAT winds to land where their values are zero [Han et al., 2007] . Differences may also be due to the model's thick mixed layer and deep thermocline, a topic which is investigated in more detail in section 3.5.1.
[21] Amplitudes of the SST variability shown in Figure 7 are large, with maximum warming (cooling) of 0.83°C (1.09°C) in the eastern equatorial IO warm pool, 0.78°C (1.08°C) in the BOB and 0.67°C (0.73°C) in the AS. Even small SST changes in these regions can have a very important effect on convection because mean summer SSTs there exceed 28-29°C ( Figure 5 ). At such a high SST, small temperature changes can have large impacts on convection [e.g., Fu et al., 1994; Bajuk and Levoy, 1998; Del Genio and Kovari, 2002] .
Impact of Atmospheric ISOs
[22] Of particular interest is that while winds and OLR variations are larger during submonthly events (Figure 4) , amplitudes of summer SST variability are larger during MJO events ( Figure 6 ). This is true even in the BOB, where submonthly ISOs are much stronger than the MJO-scale ISOs. The same is true during winter, as discussed in Han et al. [2007] . Following the discussion in Han [2005] , this skew of frequency between the peak forcing and response is likely because it is the time derivative of SST, rather than the SST itself, that is proportional to the strength of the forcing. Total changes in SST during an event are found by integrating the forcings over the event duration. That is, even though the amplitude of submonthly forcing is larger than that for the MJO, it does not act on the ocean long enough to cause as large an SST change as is induced by the MJO forcing.
[23] Intraseasonal SST changes can also result from oceanic internal variability [Jochum and Murtugudde, 2005; Han et al., 2007] . In this study, we focus on understanding air-sea interactions related to ISOs. The high correlation coefficients (0.81 -0.98) between 10 and 90 day SSTs from the MR (due to both ISO forcing and internal variability) and the difference solution, MR -EXP1 (mainly due to ISO forcing), demonstrate the dominance of ISO forcing (Figure 7) . HYCOM MR and the difference solution can occasionally differ significantly, likely because of internal variability. This is in agreement with Waliser et al. [2004] , who found that ISO forcing dominates instabilities over the IO.
Processes: General Analysis
[24] A time series of intraseasonal SST changes caused by SW radiation, precipitation, and wind (via entrainment, turbulent heat fluxes, advection, and upwelling) is calculated for each region over both MJO and submonthly time scales. Owing to the high degree of similarity for all regions, only region 2 (the BOB) is shown in Figure 10 . In all regions, SST variability on both MJO and submonthly time scales is dominated by wind (red line of Figures 10a  and 10c ), while the effects of SW radiation and precipitation (blue and yellow curves) are weak. On 30-90 day time scales, correlation coefficients between the total SST change due to all ISO forcings (black curve in Figure 10a ) and due to the total wind (red curve) is 0.95 in the AS, 0.93 in the BOB, and 0.96 in the eastern equatorial IO. On 10-30 day time scales, the correlations are the same as shown above (Figure 10c ). The high correlation coefficients demonstrate the deterministic role played by winds in causing summertime intraseasonal SST variability, as during wintertime [Han et al., 2007] .
[25] Different from the winter, when the largest SST change occurs in the ITCZ and equatorial regions due almost equally to both oceanic upwelling and advection associated with changes in wind stress (see section 2.3) and turbulent heat fluxes and entrainment cooling associated with changes in wind speed [Han et al., 2007] , the strongest summertime variability in the BOB is mostly due to wind speed, with wind stress playing a lesser role (Figures 10b  and 10d ). Entrainment and turbulent heat fluxes due to changes in wind speed have an apparently larger effect than upwelling and advection on SST variability for almost every MJO and submonthly scale event, albeit to a lesser extent for submonthly ISOs (Figure 10d ). The MJO-scale (submonthly) SST correlation coefficient between total wind and wind speed forcing is 0.93 (0.90), while that for wind stress is 0.77 (0.84). The reasons for the importance of wind speed in the BOB will be discussed in section 3.5.1.
[26] In the AS, wind speed also has a larger effect than wind stress on MJO-scale SST variability (Figure 11a) , with a correlation coefficient of 0.95 between the SSTs induced by total wind and wind speed, and 0.84 between total wind and stress forcing. On submonthly time scales, SST variability in the AS results almost equally from wind stress and wind speed (Figure 11b ). In the warm pool (region 3), wind speed and stress (Figures 11c and 11d ) seem to contribute almost equally on both submonthly and MJO time scales. This is also true in the equatorial region surrounding the Maldives (not shown), where wind forcing is strong on submonthly time scales (Figures 4f and 4i ).
[27] In studying specific MJO and submonthly events (see below), it is clear that SW radiation and precipitation can make nonnegligible contributions to overall SST variability in some regions. The ratios STD SW /STD all and STD pr /STD all , which measure the ratio of SST STD forced by total ISOs and by SW radiation and precipitation only, are calculated using STD values for each region and for each time scale. SW forcing has the largest relative ampli- tude in the warm pool on both MJO (ratio = 0.22) and submonthly (ratio = 0.23) scales. Precipitation has the largest relative amplitude in the BOB for MJO time scales (ratio = 0.125) and in the warm pool for submonthly scales (ratio = 0.154).
[28] The overarching dominance of winds on ISO-induced SST variability is in agreement with winter events [Han et al., 2007] and with Waliser et al.'s [2004] study of boreal summer canonical ISOs. The latter study, however, found that SW effects can be more important in the IO than is found here. Perhaps this discrepancy is partly due to the use of canonical ISOs, rather than the observed events studied here, or partly due to the $14% underestimation of SW fluxes by the estimated ISCCP data (Figure 3) . The apparent importance of wind speed processes over wind stress processes in the BOB, and to a lesser degree in the AS, appears to be different from Schiller and Godfrey [2003] , who suggested the importance of precipitation due to the barrier layer effect [Lukas and Lindstrom, 1991; Sprintall and Tomczak, 1992] . These aspects will be further discussed for specific ISO events below.
Specific Events and Composite MJO
[29] To reveal the spatial patterns of SST induced by ISOs in the IO, strong MJO and submonthly cooling events are identified using Figure 8 . The term strong refers to events during which the maximum SST cooling is larger than 1 STD. Although cooling is used to choose the events, we examine the full life cycle of each. Thus, the warming phase of each chosen intraseasonal SST event is also investigated. While many cases are evaluated, we choose two representative cases for 30-90 day and submonthly SST variability and discuss the common features below.
A Strong MJO Event
[30] A strong MJO-scale event is identified based on the BOB time series (Figure 8a ), but can also be seen in the warm pool and in the AS. The peak BOB cooling occurs on 25 August 2000, with subsequent warming on 21 September 2000 (Figure 12 ). HYCOM simulates the SST variations well, with warm and cold anomalies shown in similar locations and with similar magnitudes as those observed by TRMM (middle and right columns of Figure 12 ). For example, cool SSTs in the northern BOB and AS appear in both the TRMM data and the HYCOM solution on 3 and 12 September, with warm SSTs off the west coast of India and across the equatorial IO. TRMM SST anomalies in the BOB are typically larger than those modeled by HYCOM, an artifact that could be due to the modeled mixed layer being thicker than observed in the BOB, as investigated below.
[31] Interestingly, temporal evolution of the event shows that strong convection (negative OLR anomaly, left column of Figure 12 ) and its associated winds, together with cool SSTs, appear to move northward from the equator to the Indian and Asian subcontinents during 7 -25 August. Before cooling arrives in the BOB (7 August), wind anomalies are northeasterlies in the BOB and AS, westerlies in the equatorial region, and northwesterlies in the south AS. As the event develops (16 August), anomalous winds become southwesterlies in both the BOB and AS. On 25 August, the peak cooling day, winds are strong southwesterlies in the northern hemisphere and easterlies along the equator. After the cooling event has completely passed through the IO basin (21 September), winds are generally as they were on 7 August. The anomalous SST apparently lags the convection and winds. While increased convection arrives at the northern AS and BOB on 16 August, cool SST anomalies remain near the equator in the south AS and BOB. By 25 August and 3 September when strong convection moves to the northern Bay and then to the Indian subcontinent, strong negative SST anomalies first appear in the south central and then northern parts of the two basins. This delay is in agreement with Bhat et al. [2001] and Webster et al. [2002] .
[32] Consistent with the general analysis in section 3.4, wind effects dominate over SW radiation and precipitation during this MJO event (Figures 13a and 13b versus Figure 13c 13d, 13i -13j, and 13k -13l) , and wind speed plays a larger role than wind stress in the BOB (Figures 13c -13d versus Figures 13e -13f and 13g -13h) . On both 25 August and 21 September 2000, (the event peak cooling and warming days), wind speed is the strongest forcing in the BOB. While wind stress also plays a role in causing SST anomalies there, its effect is smaller in both geographic extent and magnitude. SW radiation can be important for specific cases in specific regions, especially in the BOB, as suggested by Han et al. [2006a] .
[33] During the peak cooling phase of this event (25 August), the anomalous southwesterly winds in the BOB and AS (Figure 12 , left) enhance the mean southwest monsoon winds ( Figure 5 ) and produce positive wind speed anomalies (Figure 13e, bold contours) . The strengthened winds enhance turbulent heat fluxes and result in negative heat flux anomalies (Figure 14c ), producing the surface cooling. In contrast, during the warming phase the reduced wind speed (Figures 5 and 12 , and the dashed contours of Figure 13f ) produces a positive heat flux anomaly (Figure 14d ) and thus warms the sea surface. In the AS, the stronger (weaker) wind speed increases (decreases) entrainment cooling (see section 2.3), and thickens (thins) the mixed layer (Figures 14a  and 14b ), contributing to the surface cooling. In the BOB, however, entrainment cooling appears to be negligible because the hm stays almost unchanged. As a result, intraseasonal SST variability in the BOB predominately results from surface heat flux due to intraseasonal winds. This is likely because the fresher river water and strong precipitation in the BOB increase the stratification and reduce the entrainment rate there [e.g., Han et al., 2001; Howden and Murtugudde, 2001 ]. This causes a thinner surface mixed layer than elsewhere in the IO (Figures 15a and 15b) and forms a barrier layer, which is present both in HYCOM MR results and in Levitus and Argo observations (Figures 15c -15f) . As a result of the barrier layer, even if entrainment is occurring, it will not affect SST appreciably because the warm barrier layer water is entrained to the surface. The modeled barrier layer thickness is similar to that observed in Argo float data (Figures 15e and 15f ). HYCOM's mixed layer, however, is thicker than the Levitus and Argo data in the BOB and in the AS (Figures 15a and 15b , and Figures 15e and 15f ). This thicker mixed layer results in modeled SST variability in the BOB and AS that is generally smaller than in the TRMM data (Figures 7, 8 , and 12).
[34] Wind stress affects the SST (Figures 13g and 13h ) by anomalous upwelling due to changes in Ekman pumping velocity (w E ) and by anomalous advection. The w E (line contours in Figures 13g and 13h) is calculated with the following equation:
where t x and t y are the zonal and meridional wind stress, and f is the Coriolis parameter. In addition to wind speed, wind stress also plays an important role in the south central AS (Figures 11a, 13g, and 13h ). In the southeast AS near the Maldives Islands, the effects of wind stress dominate wind speed. The anomalously warm (cold) SSTs agree well with the negative (positive) w E anomalies there (Figures 13g and 13h). Anomalous horizontal advection due to wind stress is estimated using
where u, v, and T are zonal and meridional currents and SST, respectively, from HYCOM solution MR. Terms with overbars are the same, but taken from HYCOM solution EXP3 that is forced by low-passed wind stress, and Dt is 3 days. Our results show that horizontal advection contributes little to the SST variability during this event (not shown).
[35] SST variations reach their maxima in the eastern equatorial IO warm pool on 16 August and 3 September, which leads the maximum SST variability in the BOB (Figure 12 ). In this region, SST variability is also controlled by winds, with wind stress and speed playing equally important roles (not shown). 
MJO Composite
[36] A composite MJO event is constructed (Figure 16 ), consisting of 5 separate strong summer MJO cooling events that can be seen in both TRMM and HYCOM MR SST records (Figure 8a ). Each event is also associated with subsequent strong warming in both records 2002. Both the OLR (Figure 16 , left) and the associated SST from TRMM and HYCOM MR (middle and right columns of Figure 16 ) bear a remarkable resemblance to Figure 12 , except that the amplitudes are weaker in the composite. This is likely because, at least partly, each MJO event has a somewhat different structure than the others, and the composite averages out some strong peaks. While the composite provides a general picture of the MJO and its impact, these results suggest that analysis of specific events is also necessary to obtain a more complete understanding of the impact of MJO events. The MJO composite TRMM and HYCOM MR SSTs in Figure 16 also show the northeastward motion associated with individual MJO events ( Figure 12 ).
[37] Processes studies for the individual MJO events that contribute to the composite show that the relative importance of SW radiation, precipitation, and winds are consistent between the events. The conclusions from our detailed study of an MJO event, then, hold for the MJO composite.
A Strong Submonthly Event
[38] HYCOM does not model submonthly events as well as it models MJO events, a point highlighted by the lower 10-30 day model-data correlation coefficients in section 3.2, and further discussed below. A strong submonthly ISO cooling event overlaps with the previously discussed MJO event, occurring from 19 August to 3 September 2000, with peak cooling in the BOB on 25 August (Figure 17) . HYCOM is able to capture major areas of cooling and warming in the BOB, warm pool and AS, albeit with apparent underestimations in amplitudes, particularly in the AS (middle and right columns of Figure 17 ). On 22 and 25 August, regions of cooling observed by TRMM in the BOB, near the warm pool, and in the eastern AS are all modeled reasonably well, with some discrepancies in mag- nitude and geographic extent. Subsequent warming in the BOB and eastern AS is well simulated by HYCOM. As is expected from our general results, cooling is not as pronounced during this submonthly event as it is during the MJO event, even though the submonthly convection and winds are stronger. Cooler (warmer) SSTs are observed and modeled in the southeastern AS mini -warm pool region [Rao and Sivakumar, 1999] on 25 August (3 September). This SST variability in the mini -warm pool area (Figures 5 and 17) may have important implications for monsoon onset prediction [Rao and Sivakumar, 1999] .
[39] Prior to the submonthly event's peak cooling in the BOB (19 and 22 August), winds in the northern AS and in the northern BOB are northeasterlies, which act to weaken . Units are dyn cm À2 for wind stress. the mean summer monsoon winds ( Figure 5 ) and thus increase SST (Figure 17 , top, middle, right). Meanwhile, westerly winds prevail in the south AS, along the equator, and in the southern BOB, which enhances the mean monsoon winds and coincides with cooler SST anomalies (Figures 5 and 17) . Strong convection first appears in the eastern equatorial warm pool and south of India on the 19th, and then obtains its maximum strength in the miniwarm pool region on the 22nd. On the peak cooling day of 25 August, winds in the south AS become southwesterlies, which enhances the mean monsoon and extends the cooler SST anomaly westward into the central AS. At the same time, winds in the BOB are weak with complex spatial structure. Later in the month, the anomalous southwesterlies in the AS weaken (28 August) and then reverse on the 31st, which corresponds with warmer SSTs there. Again, SST changes appear to lag the wind and convection variability (Figure 17) . The spatial structures of the submonthly ISO and its associated SST show evident differences from those of the MJO. The strongest cooling produced by the submonthly ISO occurs in the mini -warm pool of the eastern AS, south of India and in the western BOB (Figure 17) , whereas the strongest cooling associated with the MJO is present across the AS and BOB (Figure 12 ). Wind effects again dominate SW flux and precipitation in generating the submonthly SST variability; effects of surface heat flux and entrainment cooling due to changes of wind speed are comparable to the upwelling and advection induced by variations of wind stress (figure not shown).
Summary and Conclusion
[40] In the present study, we use satellite observed OLR and QuickSCAT winds to document the MJO and submonthly ISOs during boreal summer. A hierarchy of experiments is performed using HYCOM (Table 1) to better understand the processes that contribute to intraseasonal SST variability. As shown in section 3, SST changes can be due to SW radiation, precipitation, surface turbulent heat fluxes and entrainment cooling associated with wind speed, and oceanic upwelling and advection associated with wind stress.
[41] While peak summer ISO forcing is the strongest on submonthly time scales (Figure 4) , the peak ocean SST response occurs on MJO time scales (Figures 6e -6h ). As discussed in section 3.3, this is likely because the time rate of change of SST is proportional to the forcing strength. Then, the total SST change due to an event is the integral of the forcing over time. The longer forcing period of MJO events causes a larger ocean response than the shorter, but stronger, submonthly forcing.
[42] To evaluate the relative importance of the different processes on SSTs, we choose three representative regions with strong convection, wind, and SST variability (Figures 4  and 6 ). Regions 1, 2, and 3 are located in the AS, the BOB, and the eastern IO warm pool, respectively (Figure 6c ). Of the three, maximum summer ISO-induced SST variability is found in the warm pool (Figure 7) , where maximum warming (cooling) is 0.83°C (1.09°C). The BOB also experiences strong ISO-induced SST changes, with maximum warming (cooling) of 0.78°C (1.08°C) and an STD of 0.25°C. ISO-induced SST variability is the smallest in the AS, where the mixed layer is thicker than in the BOB and equatorial warm pool (Figures 15a and 15b) . Maximum warming (cooling) there is 0.67°C (0.73°C). These SST changes may have important implications in convection because the mean summer SSTs in all three regions exceed 28-29°C ( Figure 5 ).
[43] In general, winds have much larger effects than either SW radiation or precipitation on SST variability in the three regions of interest (Figures 10a and 10c for region 2) . Surface turbulent heat fluxes and entrainment cooling associated with changes in wind speed appear to have a larger effect on MJO-scale SSTs in the BOB than oceanic upwelling and advection induced by changes in wind stress (Figures 10b and 10d) . In the AS, the former are just slightly stronger than the latter (Figures 11a and 11b) . The same relationships hold for submonthly ISOs, albeit to a lesser extent. The effects of wind stress and wind speed appear to be comparable in the warm pool region (Figures 11c  and 11d) .
[44] For a more detailed analysis, many strong events (SST changes larger than 1 STD) are identified and analyzed using a time series of MJO and submonthly scale SST changes from January 2000 -January 2004 (Figure 8 ). Of these, one MJO-scale event, an MJO composite, and one submonthly scale event are discussed in section 3.5. While the composite event is valuable for demonstrating the general MJO-scale variability, it can average out the larger amplitude changes that are visible when looking at specific MJO events (Figures 12 and 16 ). HYCOM appears to model SST variability in the three regions well, although it consistently underestimates the magnitude of SST changes in the BOB and AS. This is likely because the model's mixed layer is thicker than both the Levitus and the Argo observations (Figures 15a, 15b, 15e, and 15f) .
[45] Consistent with our general results, surface turbulent heat fluxes and entrainment cooling induced by changes in wind speed and oceanic upwelling and advection induced by changes in wind stress are the most important in determining SST variability during both events ( Figure 13 for the MJO event). Again, on the MJO time scale, turbulent heat fluxes and entrainment cooling tend to dominate in the BOB, with some contributions from upwelling and advection (Figures 13a -13b versus Figures 13e-13f and 13g-13h ). Turbulent heat flux effects appear to be larger than the effects of entrainment there, as indicated by very strong heat fluxes that coincide with comparatively small changes in hm ( Figure 14 for the MJO-scale event). This apparent importance of turbulent heat flux in the BOB can be attributed to a modeled and observed thin mixed layer and a barrier layer there (Figure 15 ). The thin mixed layer is a result of strong stratification that in turn reduces entrainment cooling. In addition, the barrier layer inhibits surface cooling due to entrainment, leaving turbulent heat fluxes as the dominant process controlling summertime SST variability in the region. Also consistent with the general results, entrainment and turbulent heat fluxes, together with upwelling, are important in causing SST variability in the AS during the two events. SW radiation appears to play a nonnegligible role in SST variability, particularly in the BOB during the MJO-scale event (Figures 13i and 13j) .
[46] The SST structure and temporal evolution varies between the MJO and submonthly events. As in the general results, SST changes are stronger during the MJO event than they are during the submonthly event. The strongest submonthly SST variability is in the mini -warm pool of the eastern AS, south of India, and in the western BOB (Figure 17 ), while it stretches across the AS and BOB during the MJO event (Figure 12 ). Winds consistently enhance the prevailing summer monsoon southwesterlies in the AS and BOB during peak cooling, while they oppose it during the warming phase of the events.
[47] Overall, the effects of winds dominate IO SST variability during boreal summer ISOs, with some minor contributions from SW radiation and precipitation near the equator and in the BOB (Figures 10 and 11) . Our work suggests that, in addition to surface heat fluxes, oceanic processes (upwelling and entrainment) are important in determining intraseasonal SST variability in the IO during boreal summer, particularly in the AS and warm pool region. The deterministic role of winds on SST anomalies (Figures 10, 11, and 13) , and the lag between OLR and SST variability (Figure 12 ), may indicate that SST variations in the north IO during summer are important in modifying MJO convection, and that the MJO causes SST anomalies with its strong winds. It is hoped that this study will contribute to the understanding of coupled air-sea processes.
